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Summary
Application of Clostridium difficile toxin B, an inhibi-
tor of the Rho family of GTPases, at the Aplysia sen-
sory to motor neuron synapse blocks long-term facili-
tation and the associated growth of new sensory
neuron varicosities induced by repeated pulses of
serotonin (5-HT). We have isolated cDNAs encoding
Aplysia Rho, Rac, and Cdc42 and found that Rho and
Rac had no effect but that overexpression in sensory
neurons of a dominant-negative mutant of ApCdc42
or the CRIB domains of its downstream effectors PAK
and N-WASP selectively reduces the long-term changes
in synaptic strength and structure. FRET analysis in-
dicates that 5-HT activates ApCdc42 in a subset of
varicosities contacting the postsynaptic motor neu-
ron and that this activation is dependent on the PI3K
and PLC signaling pathways. The 5-HT-induced acti-
vation of ApCdc42 initiates reorganization of the pre-
synaptic actin network leading to the outgrowth of fi-
lopodia, some of which are morphological precursors
for the learning-related formation of new sensory
neuron varicosities.
Introduction
The storage of long-term memory is represented at the
cellular level by activity-dependent modulation of both
the function and structure of specific synaptic connec-
tions (Bailey and Kandel, 1993; Kandel, 2001). Although
a number of molecular components that underlie the
functional changes associated with memory storage
have been characterized, little is known about how
these are regulated by and coupled to the signaling
pathways that give rise to the synaptic structural
changes. Studies of the synaptic connections between
identified sensory and motor neurons of the gill-with-*Correspondence: erk5@columbia.edu
6 These authors contributed equally to this work.drawal reflex in Aplysia have shown that both long-term
sensitization in the behaving animal (Bailey and Chen,
1983; Bailey and Chen, 1988a) and long-term facilita-
tion (LTF) in sensory to motor neuron cocultures (Glanz-
man et al., 1990; Bailey et al., 1992) are accompanied
by the growth of new sensory neuron varicosities. In
culture, these structural changes can be correlated di-
rectly with the functional state of individual presynaptic
varicosities (Kim et al., 2003). Recent studies in the
mammalian CNS further suggest that experience-
dependent remodeling and the growth of new synaptic
connections might also play a role in more complex
neuronal networks by modulating and perhaps recon-
figuring the activity of the neural network in which this
occurs (Krucker et al., 2000; Engert and Bonhoeffer,
1999; Maletic-Savatic et al., 1999; Toni et al., 1999).
One of the critical steps in initiating activity-depen-
dent synaptic remodeling is thought to be the reorgani-
zation of the actin cytoskeleton (Matus, 2000). Although
modulation of actin dynamics at postsynaptic spines
has recently received attention, the role of actin re-
arrangements in the presynaptic compartment is less
clear (Sankaranarayanan et al., 2003; Fukazawa et al.,
2003; Colicos et al., 2001; Antonova et al., 2000).
To examine the molecular mechanisms that underlie
learning-related synaptic growth, we have exploited the
experimental accessibility of Aplysia, where individual
sensory and motor neurons of the gill-withdrawal reflex
can be cultured and where the presynaptic structural
changes associated with long-term synaptic plasticity
are particularly robust. We find that the signaling path-
way of ApCdc42, a member of the Rho family of
GTPases, is required for both the functional and struc-
tural changes that underlie LTF in Aplysia. Our results
indicate that repeated pulses of serotonin (5-HT) induce
the spatial and temporal regulation of ApCdc42 activity
at a specific subset of sensory neuron presynaptic vari-
cosities. The 5-HT-induced activation of ApCdc42 is
dependent on both the PI3 kinase and PLC pathways
and, in turn, recruits the downstream effectors neuronal
Wiskott-Aldrich syndrome protein (N-WASP) and p21-
Cdc42/Rac-activated kinase (PAK) to regulate reorgani-
zation of the presynaptic actin network. This initial mo-
lecular cascade leads to the outgrowth of filopodia,
which represent one of the morphological precursors
for the growth of new sensory neuron varicosities asso-
ciated with the storage of long-term memory.
Results
Clostridium difficile Toxin B and Cytochalasin D
Selectively Block Long-Term but Not
Short-Term Facilitation
In Aplysia sensory-motor neuron cocultures, process
outgrowth as well as the formation of new sensory neu-
ron varicosities induced by 5-HT require reorganization
of the actin cytoskeleton (Hatada et al., 2000). To further
study the role of actin, we first examined the effect of
cytochalasin D (CytD), an inhibitor of actin polymeriza-
Neuron
888tion, on LTF induced by five pulses of 10 M 5-HT (Fig- s
ure 1A). When CytD (1 M) was added, LTF measured n
at 24 hr was reduced by about half (5-HT + CytD, −
67% ± 18%, n = 8, p < 0.05 versus 5-HT, 129% ± 29%, n
n = 10), whereas CytD by itself had no effect (CytD,
3.6% ± 25%, n = 10, p = 0.49 versus no 5-HT, 4.1% ± I
8.2%, n = 9). Actin polymerization in response to ex- R
tracellular stimuli is often regulated by the Rho family T
of GTPases (Etienne-Manneville and Hall, 2003). We s
therefore asked whether Clostridium difficile toxin B w
(ToxB), an inhibitor for the Rho family of GTPases (Akto- s
ries, 1997), also blocks LTF. When ToxB (500 ng/ml) was (
added to cultures following five pulses of 5-HT, LTF at r
24 hr was significantly reduced (5-HT + ToxB, 31% ± 1
18%, n = 9, p < 0.01 versus 5-HT) (Figure 1A). ToxB
i
alone did not affect basal synaptic transmission (ToxB,
a
9% ± 14%, n = 7, p = 0.39 versus no 5-HT)
(We next examined the effects of ToxB and CytD on
5short-term facilitation (STF) induced by a single pulse
aof 10 M 5-HT (Figure 1B). In control cells, 5-HT pro-
7duced a significant increase in the amplitude of EPSPs
measured at 5 min (5-HT control, 71% ± 14%, n = 9,
Tp < 0.0001 versus no 5-HT, −20% ± 2.5%, n = 7). When
VToxB was added 3 hr prior to stimulation, STF was un-
Taffected and was similar to 5-HT controls (5-HT + ToxB,
a63% ± 22%, n = 11, p = 0.38 versus 5-HT). STF also
bwas not blocked by application of 1 M CytD (5-HT +
nCytD, 57% ± 14%, n = 13, p = 0.24 versus 5-HT). Con-
atrol cells (no 5-HT stimulation) displayed homosynapticFigure 1. Clostridium difficile Toxin B and Cy-
tochalasin D Block LTF but Not STF
(A) Effect of ToxB and CytD on LTF. After the
initial EPSP was recorded, cultures were
treated with five pulses of 10 M 5-HT and
incubated in the presence or absence of
ToxB (500 ng/ml) or CytD (1 M). (B) Effect of
ToxB and CytD on STF. Cultures were treated
with or without ToxB (0.5 g/ml) or CytD (1
M) for 3 hr prior to the initial EPSP mea-
surement. Cells were stimulated with one
pulse of 10 M 5-HT for 5 min, and the sec-
ond EPSP was recorded. (C) Injection of
ToxB into sensory neurons blocks LTF. ToxB
(50 ng/ml) was microinjected into either sen-
sory or motor neuron cell bodies to deter-
mine the locus of inhibition. (D) ToxB blocks
the formation of new sensory neuron vari-
cosities induced by 5-HT. The structure of
sensory neurons was visualized by the injec-
tion of 5-carboxyfluorescein, and confocal
images were taken before and 24 hr after the
5-HT treatment. Merged images consisting
of the phase contrast and the fluorescent
images represent the area of the cell body
and initial segment of motor neurons, where
the 5-HT-induced growth of new sensory
neuron varicosities are most prominent. Red
and blue arrows indicate new presynaptic
varicosities and the location of varicosities
that have disappeared, respectively. (E)
Quantitative analysis of new varicosity for-
mation associated with LTF. The number of
varicosities and the amplitude of EPSPs
were measured before and 24 hr after 5-HT
stimulation (top). ToxB selectively blocked
the formation of new sensory neuron vari-
cosities (bottom). All data represent the
mean ± SEM.depression (−20% ± 2.5%, n = 7) as previously de-cribed (Rayport and Schacher, 1986), and neither ToxB
or CytD alone altered the level of depression (ToxB,
21% ± 2.8%, n = 16, p = 0.43; CytD, −25% ± 2.1%,
= 16, p = 0.07 versus no 5-HT).
njection of ToxB into Sensory Neurons
educes LTF
o further differentiate whether it is the pre- or the post-
ynaptic cell that critically requires the Rho GTPases,
e injected ToxB (50 ng/ml) into either the presynaptic
ensory neuron or the postsynaptic motor neuron L7
Figure 1C). Injection of ToxB into the sensory neuron
educed LTF at 24 hr (SN/ToxB + 5-HT, 35% ± 18%, n =
1, p < 0.01 versus 5-HT, 110% ± 17%, n = 9), whereas
njection of ToxB into the motor neuron resulted in only
slight reduction that was not statistically significant
MN/ToxB + 5-HT, 91% ± 16%, n = 11, p = 0.21 versus
-HT). Injection into either sensory or motor neurons
lone did not alter basal transmission (SN/ToxB, 15% ±
.1%, n = 9; MN/ToxB, 13% ± 8.0%, n = 9).
oxB Blocks the Growth of New Sensory Neuron
aricosities Associated with LTF
o examine the effect of ToxB on learning-related syn-
ptic growth, sensory neurons were injected with 5-car-
oxyfluorescein, and changes in the number of sensory
euron varicosities in contact with the initial segment
nd the cell body of motor neurons were counted be-fore (−3 hr) and 24 hr after repeated pulses of 5-HT
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889(Figures 1D and 1E). Control cells displayed a 34% ±
15% (n = 10) increase in the number of varicosities at
24 hr, consistent with previous reports (Glanzman et al.,
1990; Bailey et al., 1992; Kim et al., 2003). In contrast,
sensory neurons treated with ToxB showed no increase
in the number of varicosities (5-HT + ToxB, 0.4% ±
2.7%, n = 13, p < 0.05 versus 5-HT) and were consis-
tently associated with reduced levels of LTF (5-HT +
ToxB, 20% ± 12%, n = 13, p < 0.01 versus 5-HT, 76% ±
17%, n = 10). Analysis of the net gain and loss of varico-
sities indicated that the growth of new varicosities was
selectively inhibited by ToxB, whereas the loss of vari-
cosities was unaffected (5-HT + ToxB, 8.7% ± 2.6%
gain, 10.4% ± 0.1% loss, versus 5-HT, 48% ± 4.6%
gain, 12% ± 0.3% loss).
Cloning of Aplysia Rho GTPases and mRNA
Expression in Sensory and Motor Neurons
To identify which members of the Rho family of
GTPases are required for both LTF and synaptic growth,
we screened the cDNAs for Aplysia Rho GTPases. The
cDNAs encoding Rac and Cdc42 were successfully iso-
lated, whereas Rho was cloned by a RT-PCR based on
the submitted sequence (Madaule and Axel, 1985).
However, we did not succeed in isolating other
GTPases such as RhoG.
The deduced amino acid sequences for Aplysia
Cdc42, Rac, and Rho (designated as ApCdc42, ApRac,
and ApRho, respectively) showed high sequence ho-
mology with their mammalian counterparts (Figure 2A).
The N-terminal domain that contains both a GTP bind-
ing site and an effector binding site are almost iden-
tical, suggesting that the intrinsic properties of the sig-
naling pathway that link to either activators (such as
guanine nucleotide exchange factors) or effectors
(such as GTPase-activating proteins and downstream
kinases) are conserved. The threonine residue at site
35 of ApRac and ApCdc42 or at site 37 of ApRho, which
is the target glycosylation site for Clostridium difficile
ToxB, is also conserved. In contrast, the C-terminal do-
main is more variable, especially, the C-terminal w10
residues highly enriched in positively charged amino
acids. The cysteine residue at the fourth position from
the C terminus is conserved across species, which is
required for membrane association.
The mRNA expression of ApRho, ApRac, and
ApCdc42 was examined by Northern blot analysis (Fig-
ure 2B) and showed that mRNAs for all three GTPases
are expressed in ganglia and gave rise to distinct sig-
nals (2.4 and 3.3 kb for ApRho, 4.8 kb for ApRac, and
5.6 kb for ApCdc42). 5-HT stimulation does not affect
the level of mRNA expression, suggesting that the tran-
scription of these GTPases is not dependent on 5-HT.
We have also performed in situ hybridization to exam-
ine the mRNA expression in sensory-motor neuron cul-
tures (Figure 2C). Every antisense probe detected
mRNAs of Aplysia Rho GTPases in both sensory and
motor neurons, whereas the sense control did not.
Presynaptic Expression of a Dominant-Negative
Mutant of ApCdc42 Inhibits 5-HT-Induced
Synaptic Growth and LTF
To identify which specific GTPases are required for the
functional and structural changes induced by 5-HT,we constructed dominant-negative mutants of the
Aplysia Rho GTPases (ApRhoT19N, ApRacT17N, and
ApCdc42T17N). GTPases were fused to green fluores-
cent protein (GFP) and expressed in sensory neurons
(Figure 3A). GFP fluorescence was observed as early
as 6 hr after the DNA injection, and the expression level
reached a plateau by 24 hr, which lasted at least 2–3
days. The subcellular distribution of Rho GTPases was
similar to that of GFP alone or a fluorescent dye and
was found throughout the entire neuron, including the
cell body, axonal processes, and presynaptic vari-
cosities.
Since GFP-fused Rho GTPases are expressed cell-
wide, we were able to monitor directly the structural
changes at individual sensory neuron varicosities in-
duced by 5-HT (Figure 3B). We found that expression
of ApCdc42T17N in sensory neurons resulted in a sig-
nificant reduction in the formation of new presynaptic
varicosities (ApCdc42T17N + 5-HT, 2.6% ± 6.1%, n = 9,
p < 0.01 versus control + 5-HT, 25% ± 6.5%, n = 12;
Figure 3C). In contrast, expression of ApRacT17N or
ApRhoT19N did not block the 5-HT-induced growth of
new varicosities (ApRacT17N + 5-HT, 24% ± 10%, n =
11, p = 0.46, ApRhoT19N + 5-HT, 14% ± 5.0%, n = 10,
p = 0.08 versus control + 5-HT). The expression of
ApCdc42T17N did not completely block 5-HT-induced
synaptic growth when compared to untreated controls
(without 5-HT, −14% ± 3.5%, n = 11, p < 0.05 versus
with 5-HT, 2.6% ± 6.1%, n = 9), suggesting that other
signaling pathways may also participate in the 5-HT-
induced long-term structural plasticity.
Similarly, presynaptic expression of ApCdc42T17N
significantly reduced the level of LTF at 24 hr
(ApCdc42T17N + 5HT, 40% ± 14%, n = 9, p < 0.01 ver-
sus 5-HT, 92% ± 12%, n = 13) (Figure 3D), whereas
expression of ApRacT17N or ApRhoT19N did not
(ApRacT17N + 5HT, 74% ± 30%, n = 14, p = 0.30 versus
5-HT; ApRhoT19N + 5HT, 114% ± 32%, n = 13, p = 0.26
versus 5-HT).
5-HT-Induced Activation of ApCdc42 and PAK
To determine whether 5-HT activates ApCdc42, a
Cdc42 pull-down assay was performed (Figure 4A). The
active form (GTP bound), but not the inactive form
(GDP bound), of Cdc42 specifically interacts with CRIB
domains of downstream effectors such as N-WASP
(Miki et al., 1998). We therefore utilized N-WASP-CRIB
to selectively pull down the active form of ApCdc42.
Protein extracts from Aplysia ganglia treated with 5-HT
for 0, 3, 6, 9, and 12 hr were incubated with glutathione-
Sepharose beads bound to glutathione-S-transferase
(GST)-N-WASP-CRIB. We found that the amount of
active ApCdc42 increased significantly 3 hr after 5-HT
treatment and reached a peak at 6 hr. In contrast, the
total amount of ApCdc42 remained at similar levels.
We next asked whether PAK (Manser et al., 1994) is
also upregulated by 5-HT. Western blot analysis with
two independent anti-PAK1 antibodies detected a ma-
jor band ofw70 kDa, which matched well with the mo-
lecular weight of mammalian PAK (data not shown).
Protein extracts were prepared from Aplysia ganglia
stimulated with 5-HT for 0, 2, and 4 hr. PAK was immu-
noprecipitated and served for the protein kinase assay
with myelin basic protein (MBP) as a substrate (Figure
Neuron
890Figure 2. Aplysia Rho GTPases Are Highly Conserved and Expressed in Sensory and Motor Neurons
(A) Alignment of deduced amino acid sequences of Aplysia Cdc42, Rac, and Rho with eukaryotic homologs. Aplysia Rho GTPases are shown
at the top lane of each alignment. Purple arrows indicate the target glycosylation site of ToxB. Hs, Homo sapiens; Mm, Mus musculus; Gg,
Gallus gallus; Xl, Xenopus laevis; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; and Sc, Saccharomyces cerevisiae.
(B) Expression of mRNAs of Aplysia Rho, Rac, and Cdc42 in ganglia examined by Northern hybridization. Total RNAs were extracted from
the isolated pedal-plural ganglia treated with or without 10 M 5-HT for 2 hr and hybridized with specific probes.
(C) Expression of mRNAs in sensory and motor neurons examined by in situ hybridization. Cells were fixed on dishes and hybridized with
antisense or sense (control) probes to develop mRNA signals (purple color).
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891Figure 3. Expression of a Dominant-Negative
ApCdc42 Blocks LTF and 5-HT-Induced For-
mation of New Varicosities
(A) Expression of GFP-fusion constructs in
sensory neurons. Phase contrast (Aa) and
fluorescent (Ab) images of a sensory-motor
neuron culture, where two sensory neurons
make synaptic contacts onto one motor neu-
ron. One sensory neuron (SN1) but not the
other (SN2) was positive for GFP. Red arrows
indicate varicosities of the GFP-positive sen-
sory neuron in contact with the cell body and
initial segment of the postsynaptic motor
neuron. Images (Ac)–(Aj) were taken at the
sites of the cell body (Ac–Af) and synaptic
area (Ag–Aj) of a GFP-ApCdc42-expressing
sensory neuron injected with a fluorescent
dye, Alexa Fluor-594 (phase contrast, [Ac]
and [Ag]; GFP fluorescence, [Ad] and [Ah];
Alexa Fluor-594, [Ae] and [Ai]; merge, [Af]
and [Aj]). (B) Inhibition of new sensory neu-
ron varicosity formation by ApCdc42T17N.
Merged images (phase contrast and GFP
fluorescence) show sensory neurons ex-
pressing GFP control or dominant-negative
mutants (ApCdc42T17N, ApRacT17N, and
ApRhoT19N) before and 24 hr after 5-HT
stimulation. Red arrowheads indicate newly
formed varicosities. (C) Quantitative analysis
of varicosity formation in sensory neurons ex-
pressing the dominant-negative Rho GTPases.
The number of varicosities was counted at −3
and 24 hr with or without 5-HT stimulation,
and the percent changes at 24 hr were cal-
culated. (D) Inhibition of LTF by expression
of ApCdc42T17N. Cells expressing domi-
nant-negative mutants for ApRho, ApRac,
and ApCdc42 were analyzed for LTF induced
by 5-HT. All data represent the mean ± SEM.4B). 5-HT stimulation resulted in the activation of PAK
at 2 hr, and its activity increased by 4 hr. When the puri-
fied Cdc42G12V (2.5 M) was added to fully activate
PAK, the phosphorylation level of MBP was signifi-
cantly enhanced.
Overexpression of CRIB Domains Inhibits Both LTF
and New Varicosity Formation
The inactivation of Cdc42 blocks both LTF and the
growth of new varicosities. We therefore also overex-
pressed the CRIB domains of PAK (specific for both
Rac and Cdc42) or N-WASP (specific for Cdc42) to se-
quester the activated form of ApCdc42 and examined
their effect on long-term synaptic plasticity. The CRIB
domain was fused with yellow fluorescent protein (YFP)and overexpressed in sensory neurons (Figure 4C).
Since our data suggested that inhibition of the Rho
pathway does not block LTF, we also included a Rho
binding domain (RBD) of Rhotekin (Reid et al., 1996) as
a control.
Overexpression of the CRIB domains from N-WASP
and PAK significantly blocked LTF at 24 hr (N-WASP-
CRIB, 18% ± 14%, n = 6, p < 0.05 and PAK-CRIB, 25%
± 15%, n = 8, p < 0.05 versus control, 112% ± 28%, n =
13) (Figure 4D, left). However, there was no significant
difference in cells expressing Rhotekin-RBD (Rtkn-
RBD, 154% ± 21%, n = 19, p = 0.11 versus control).
Similarly, the 5-HT-induced growth of new varicosities
at 24 hr was also blocked by overexpression of the
CRIB domains (N-WASP-CRIB, −5.8% ± 5.1%, n = 8,
Neuron
892Figure 4. 5-HT Activates ApCdc42 and PAK, and the Inhibition of N-WASP or PAK Blocks Both LTF and the Associated Synaptic Structural
Changes
(A) 5-HT-induced activation of ApCdc42 in pedal-pleural ganglia. The pull-down assay with GST-N-WASP-CRIB was performed to capture the
activated form (GTP bound form) of ApCdc42. Protein extracts were prepared from ganglia stimulated with 5-HT for 0, 3, 6, 9, and 12 hr and
then incubated with GST-N-WASP-CRIB on glutathione-Sepharose beads. Proteins bound to the beads were analyzed by Western blot with
the anti-Cdc42 antibody. Protein extracts were also analyzed with anti-Cdc42 and anti-actin antibodies. A graph represents the level of
activation (in folds). (B) 5-HT-induced activation of PAK1 in pedal-pleural ganglia. Proteins were extracted from ganglia stimulated with 5-HT
for 0, 2, and 4 hr. PAK1 was immunoprecipitated with the anti-PAK1 antibody and served for the protein kinase assay with myelin basic
protein (MBP) as a substrate in the presence of [γ-32P]ATP. The reactions were applied to SDS-PAGE, and the incorporation of 32P into MBP
was detected by autoradiography. GTP bound Cdc42G12V was added to the 2 hr protein extract to examine the enhancement of PAK1
activity. Samples were also analyzed by the Western blot with the anti-PAK1 antibody. A graph represents the level of activation (in folds). (C)
Expression of CRIB domains from N-WASP and PAK. The CRIB domains fused to YFP were expressed separately in sensory neurons, and
the presynaptic structural changes induced by 5-HT were monitored. Images (merge of phase contrast and the YFP fluorescence) were taken
before and 24 hr after 5-HT stimulation. Control cells express YFP only. Red arrowheads indicate new varicosities. (D) Inhibition of LTF and
the growth of new varicosities by N-WASP-CRIB or PAK-CRIB. Sensory neurons expressing N-WASP-CRIB, PAK-CRIB, or Rtkn-RBD were
analyzed. Expression of CRIB domains but not RBD blocked LTF and the growth induced by 5-HT. (E) Expression of a dominant-negative
mutant of N-WASP blocks both LTF and the growth of new varicosities. N-WASP mutant lacking a VCA domain effectively blocked long-term
plasticity induced by 5-HT. All data represent the mean ± SEM.
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893p < 0.01 and PAK-CRIB, −7.3% ± 4.9%, n = 13, p <
0.01 versus control, 22% ± 6.6%, n = 13) but not by the
expression of Rhotekin-RBD (21% ± 9.7%, n = 18, p =
0.50) (Figure 4D, right).
To confirm these results, dominant-negative mutants
of PAK and WASP were constructed and expressed in
sensory neurons (Figure 4E, left). We found that expres-
sion of N-WASP lacking its VCA domain (Miki et al.,
1996) blocked LTF (N-WASPVCA, −10% ± 14%, n =
15, p < 0.0001 versus control, 93% ± 19%, n = 10) as
well as the 5-HT-induced growth of new varicosities
(N-WASPVCA, 2.0% ± 4.2%, n = 7, p < 0.01 versus
control, 17% ± 3.9%, n = 9). However, a PAK1 mutant
lacking the kinase activity (Kiosses et al., 1999) did not
significantly reduce the level of facilitation (PAK1KD,
56% ± 32%, n = 9, p = 0.20 versus control) or the
growth of new varicosities (PAK1KD, 7.2% ± 7.7%, n =
9, p = 0.12 versus control). In other experiments, we
have found that N-WASPVCA but not PAK1KD effec-
tively inhibited the ApCdc42-dependent formation of fi-
lopodia in sensory neurons (data not shown).
These findings may be explained in part by the possi-
bility that deletion of the kinase domain of PAK1 alters
proper folding of the protein, resulting in only partial
exposure of the CRIB domain and thus incomplete inhi-
bition. An additional possibility is suggested by the
findings that kinase-defective mutants of PAK can still
induce membrane ruffling or lamellipodia formation
(Bagrodia and Cerione, 1999). The N-terminal domain
of PAK contains several functional domains (such as a
proline-rich domain), which can serve as scaffolds for
Cool/Pix and Cat/Git/PKI proteins to transduce signals
for actin regulation. Thus, some signaling pathways
may bypass the PAK-negative mutant but not CRIB.
Nevertheless, our data indicate that PAK is activated
by 5-HT—which is dependent on the activation of
Cdc42—and that overexpression of the CRIB domain
of PAK blocks both LTF and 5-HT-induced synaptic
growth, suggesting that the PAK-LIMK-actin pathway
is involved in the long-term synaptic changes but may
ultimately contribute less than the N-WASP signaling
cascade.
5-HT Induces the ApCdc42-Dependent Formation
of Filopodia in Sensory Neurons
To characterize the morphological phenotype of
ApCdc42, we constructed a constitutively active mu-
tant (G12V) and expressed the GFP-fused protein in
sensory neurons (Figure 5A). Expression of ApCdc42G12V
resulted in the formation of numerous filopodia (5–30
m in length and <1 m in width) from the surface of
the cell body, axonal processes, and presynaptic vari-
cosities (G12V, 1.4 ± 0.26/10 m, n = 6, p < 0.001 and
2.9 ± 0.76/varicosity, n = 8, p < 0.01 versus control,
0.074 ± 0.025/10 m, n = 11 and 0.17 ± 0.062/varicosity,
n = 12). In contrast, ApCdc42T17N reduced the filo-
podia number (T17N, 0.19 ± 0.061/10 m, n = 9 and
0.28 ± 0.059/varicosity, n = 10; Figure 5B). Interestingly,
we found that 5-HT stimulation by itself induces filo-
podia from varicosities in control sensory neurons and
that this is blocked by ApCdc42T17N (control 24 hr,
0.62 ± 0.16/varicosity, n = 12, p < 0.05 versus control
−3 hr, 0.17 ± 0.062/varicosity, n = 12).To confirm that the structures induced by ApCdc42
are based on the presynaptic actin cytoskeleton, we
coexpressed cyan fluorescent protein (CFP)-ApCdc-
42G12V and YFP-actin in sensory neurons (Figure 5C).
ApCdc42G12V expression induced filopodia, in which
both actin and ApCdc42 were colocalized. When CytD
(1 M) was included in cultures after DNA injection, the
formation of Cdc42-dependent filopodia was com-
pletely abolished, although the expression of YFP-actin
and CFP-ApCdc42G12V was clearly identified in these
cells.
ApCdc42G12V Occludes 5-HT-Induced
Long-Term Synaptic Plasticity
Expression of ApCdc42G12V in sensory neurons oc-
cluded LTF induced by 5-HT (5-HT, 46% ± 17%, n = 10,
p = 0.08 versus no 5-HT, 8.5% ± 20%, n = 7; p = 0.013
in control). Similarly, the number of varicosities at
24 hr was not significantly increased in ApCdc42G12V
cells (5-HT, 14% ± 7.1%, n = 8, p = 0.18 versus no 5-HT,
6.5% ± 3.5%, n = 7; p < 0.001 in control) (Figure 5D).
These results confirm our previous findings that ApCdc42
is a key component of the molecular cascade required
for both the functional and structural changes associ-
ated with LTF.
ApCdc42G12V Induces the Spontaneous Formation
of New Sensory Neuron Varicosities
If filopodia formation represents one of the initial mor-
phological steps in learning-related synaptic growth,
expression of active ApCdc42 may be able to induce
new varicosities in the absence of 5-HT stimulation.
When CFP-ApCdc42G12V was expressed in sensory
neurons, spontaneous but transient formation of new
varicosities was observed in the absence of 5-HT (Fig-
ure 5E). The persistent expression of active ApCdc42
did not result in any further increase in varicosity
number. We found that only 44% ± 18% of these vari-
cosities were stable for 12 hr, versus 90% ± 4.1% in
5-HT controls. The expression level of Cdc42 was
found to be relatively constant over the time points ex-
amined. These results suggest that the constitutively
active ApCdc42 is able to induce the spontaneous for-
mation of new sensory neuron varicosities but that the
ApCdc42 signaling pathway alone is insufficient to sta-
bilize this synaptic growth. This is consistent with our
earlier studies, suggesting that learning-induced vari-
cosity formation is independent of varicosity stabiliza-
tion, which requires local protein synthesis (Casadio et
al., 1999; also see Bailey et al., 2004).
5-HT-Induced Filopodia Are Precursors of New
Sensory Neuron Varicosities
To further characterize the role of filopodia in the 5-HT-
induced formation of new varicosities, we expressed
both CFP-synaptophysin and YFP-actin in sensory
neurons and monitored the time course of presynaptic
structural changes (Figure 5F). YFP-actin was present
in most axonal processes but appeared to be concen-
trated at varicosities, whereas the CFP-synaptophysin
was mostly excluded from processes and localized to
both varicosities and growth cones. 5-HT induced the
outgrowth of filopodia from preexisting varicosities,
Neuron
894Figure 5. Expression of a Constitutively Active Mutant of ApCdc42 Induces the Formation of Actin-Based Filopodia and the Spontaneous
Formation of Sensory Neuron Varicosities
(A) Images of sensory neurons expressing GFP, ApCdc42T17N, and ApCdc42G12V. Varicosities, axonal processes, and cell bodies are shown.
Expression of the constitutively active ApCdc42 (G12V) induced extensive filopodia formation. (B) Quantitative analysis of filopodia formation
on axonal processes and varicosities. The number of filopodia was counted before and 24 hr after 5-HT. Interestingly,
5-HT stimulation naturally induces the formation of filopodia on varicosities in control sensory neurons. (C) ApCdc42-induced filopodia is
actin dependent. Sensory neurons expressing CFP-ApCdc42G12V (green) and YFP-actin (red) were imaged at the area of cell bodies. Merged
images show the colocalization (yellow) of ApCdc42 and actin in filopodia. Application of cytochalasin D (1 M) completely blocked ApCdc42-
induced filopodia formation. (D) Effects of a constitutively active ApCdc42 on LTF and the growth of new sensory neuron varicosities.
Expression of ApCdc42G12V in sensory neurons occluded both LTF and synaptic growth. (E) Spontaneous formation of sensory neuron
varicosities by ApCdc42G12V in the absence of 5-HT. Sensory neurons expressing CFP-ApCdc42G12V and YFP-actin were monitored every
3 hr. Expression of an active ApCdc42 mutant induced spontaneous varicosity formation indicated by red arrows. Numbers indicate time (in
hr) after DNA injection. The stability of varicosities was significantly reduced in cells expressing ApCdc42G12V. The expression level of
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ApCdc42 remained essentially constant over the time points examined. (F) Formation of varicosities from actin-based filopodia. The growth
of new varicosities was monitored on sensory neurons expressing both CFP-synaptophysin (green) and YFP-actin (red). New varicosities
arise from preexisting varicosities (left panels) or from axonal growth cones (right panels) through the induction of actin-based filopodia.
Some filopodia appear to contain synaptophysin, which often accumulates at the tips of filopodia (green arrowheads). Red and white arrow-
heads indicate varicosities and filopodia, respectively. Numbers indicate time (in hr) after 5-HT stimulation. (G) Effect of ToxB on structural
changes. When ToxB (500 ng/ml) was added to cultures, the growth of new varicosities was significantly reduced. We also observed a
reduction of synaptophysin signals in some varicosities (blue arrowhead). (H) Effect of CytD on synaptophysin-positive varicosities. Addition
of CytD (1 M) blocked the actin-based structural dynamics such as formation of filopodia. However, it did not completely abolish the actin
network, leaving aggregated actin puncta at varicosities (white arrows). All data represent the mean ± SEM.and some of these filopodia were subsequently trans-
formed into new varicosities enriched in synapto-
physin. Interestingly, the accumulation of synapto-
physin was also found at the tips of some filopodia,
which was most likely mediated by actin-myosin-based
intracellular transport. Actin dynamics were most ro-
bust at growth cones, which normally express multiple
filopodia. As was the case in varicosities, in growth
cones some filopodia remained stable, and synapto-
physin accumulated at their tips. These structural dy-
namics induced by 5-HT were blocked by the addition
of ToxB (500 ng/ml) (Figure 5G). In the presence of
ToxB, some varicosities lost their synaptophysin signal
over time, whereas the varicosities themselves re-
mained. When CytD was applied, the structural dy-
namics as well as the extension of filopodia induced by
5-HT were completely eliminated (Figure 5H). However,
CytD did not fully depolymerize the actin networks,
leaving a punctuated pattern of actin in both varicosi-
ties and axonal processes. The CytD-induced actin
puncta did not align well with synaptophysin, suggest-
ing that these puncta may represent a random aggrega-
tion of actin polymers.
5-HT Selectively Activates ApCdc42 at a Subset
of Sensory Neuron Varicosities
To study the spatial and temporal pattern of ApCdc42
activation during LTF, we monitored FRET in living
sensory neurons expressing CFP-ApCdc42 and YFP-N-
WASP-CRIB. We first confirmed FRET by photobleach-
ing YFP to recover CFP fluorescence in sensory neu-
rons expressing both CFP-ApCdc42G12V (active) and
YFP-N-WASP-CRIB (Figure S1). This yielded 23% re-
covery of CFP fluorescence after 78% photobleaching
of YFP, suggesting that the constructs can effectively
produce FRET in cultured sensory neurons. We have
also confirmed that HEK293 cells expressing both CFP-
ApCdc42 and YFP-N-WASP-CRIB can undergo Cdc42-
dependent filopodia formation with the enhancement
of FRET signals (Figure S2), suggesting that the Cdc42
signaling pathway is not disrupted by the expression of
FRET constructs. Moreover, we confirmed that expres-
sion of FRET constructs does not perturb LTF (CFP-
ApCdc42/YFP-N-WASP-CRIB, 63% ± 27%, n = 11, p =
0.45 versus control CFP/YFP, 59% ± 13%, n = 8).
Sensory neurons expressing FRET constructs were
stimulated with repeated pulses of 5-HT, and the rela-
tive activity of Cdc42 was analyzed by measuring the
intensity of FRETc signals at individual varicosities (Fig-
ure 6A). The expression level of these constructs was
relatively constant over the time points examined (Fig-creased immediately after 5-HT stimulation, peaked be-
tween 6 and 9 hr, and then decreased to basal levels by
24 hr (Figure 6B). The 5-HT-induced changes in FRET
signals were found to be much greater at varicosities
in contact with the cell body and initial segment of the
motor neurons (on-target site, varicosities “a” and “b”
in Figure 6A), whereas those at varicosities in contact
with the minor processes or with the distal portion of
major processes of the motor neuron showed no signif-
icant increase (off-target site, varicosity “c” in Figure
6A). As a control, we also examined sensory neurons
without 5-HT stimulation and found no significant
changes in FRET signals at either on- or off-target vari-
cosities, suggesting that the activation of ApCdc42 in
varicosities at target sites was specifically induced by
5-HT. The presynaptic activation of ApCdc42 was ob-
served at both the tip and base of filopodia as well as at
preexisting and newly formed varicosities (Figure 6C).
The Temporal Pattern of ApCdc42 Activation
Correlates with Filopodia Formation
The temporal pattern for the 5-HT-induced activation of
ApCdc42 correlated well with that of filopodia forma-
tion in sensory neurons, which preceded the onset of
new varicosity formation (Figure 6D). Filopodia formed
between 3 and 12 hr after 5-HT stimulation, whereas
new varicosities appeared between 9 and 18 hr (filo-
podia, n = 107; varicosities, n = 100). The time course
of filopodia formation was found to be very similar to
that of ApCdc42 activation, suggesting that ApCdc42
is activated at the initial stages of new varicosity forma-
tion. Indeed, in several instances we have observed a
sequence of events that suggest that filopodia emerg-
ing from presynaptic structures can actually give rise to
new varicosities. In the time-lapse images depicted in
Figure 6D, 5-HT stimulation induced two distinct types
of new varicosity formation; one is mediated by filo-
podia, and the other is dependent on the apparent divi-
sion or splitting of preexisting varicosities. In both
cases, the formation of varicosities occurred 9–18 hr
after 5-HT stimulation, which is approximately 6 hr after
the formation of filopodia.
Sensory Neuron Varicosities Formed on the Initial
Segment and Cell Body of the Motor Neuron May
Provide the Major Presynaptic Input
to the Motor Neuron L7
To understand the functional significance of the spatial-
specific activation of ApCdc42, we used synaptopHlu-
orin (synPH; Miesenbock et al., 1998; Kim et al., 2003)
Neuron
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(A) FRETc images of a sensory neuron expressing both CFP-ApCdc42 and YFP-N-WASP-CRIB. Images are pseudocolored to indicate the
relative activity of ApCdc42. Sensory neuron varicosities on the initial segment (red arrows, such as “a” and “b”) or on the minor processes
(green arrows, such as “c”) of the motor neuron were monitored simultaneously. 5-HT stimulation selectively induced the activation of
ApCdc42 at varicosities on the initial segment of the motor neuron. (B) Temporal- and spatial-specific activation of ApCdc42. Relative changes
of FRETc signals of sensory neuron varicosities at both on-target or off-target sites. Individual varicosities were analyzed at different time
points. (C) Activation of ApCdc42 at filopodia and at new varicosities. The increased activity of ApCdc42 was often found at the tips of
filopodia and newly formed varicosities. White, green, and red arrowheads indicate filopodia, tips of filopodia, and newly formed varicosities,
respectively. (D) Time course of filopodia and varicosity formation. The graph shows a cumulative plot for the formation of filopodia (n = 107)
and varicosities (n = 100), in which values at −3 and 24 hr were set to 0 and 100, respectively. Images represent two types of varicosity
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formation, filopodia mediated (top) and varicosity splitting (bottom). Sensory neurons expressing GFP-synaptophysin (green) were injected
with Alexa Fluor-594 (red). A preexisting varicosity (red arrowhead) developed a filopodium (white arrowhead) after 5-HT stimulation. Accumu-
lation of synaptophysin was observed at the tip of filopodia (blue arrowhead). Numbers indicate hr. (E) Spatial-specific activation of sensory
neuron varicosities. SynaptopHluorin (synPH) was used to monitor the activity of sensory neuron varicosities formed at target or off-target
sites of the motor neuron L7. A merged image of phase contrast and synPH fluorescence (left) illustrates the spatial distribution of varicosities
at target (A) and off-target (B) sites, and pseudocolored subtracted images (right) indicate their respective synPH activities before and after
0.2 M KCl stimulation for 1 min. The percentage change of synPH signals is shown in the graph. (F) Inhibition of PLC or PI3K blocks the
activation of ApCdc42 at varicosities. Cultures were incubated with KT5720 (10 M), Wortmannin (200 nM), and U73122 (1 M), and the
percentage changes of FRETc at 6 hr were compared. Similar results were obtained by the Cdc42 pull-down assay, where Wortmannin and
U73122 blocked the activation of ApCdc42. (G) Inhibition of LTF and the growth of new sensory neuron varicosities by PLC and PI3K and
PKA inhibitors. All data represent the mean ± SEM.ron varicosities (Figure 6E). Sensory neurons were stim-
ulated with 0.2 M KCl for 1 min, and the changes in the
intensity of synPH fluorescence at individual presynap-
tic varicosities were examined. The intensity of the
synPH fluorescence of varicosities at on-target sites in-
creased significantly, whereas the signals of varicosi-
ties at off-target sites did not change (on-target,
35% ± 5.5%, n = 48 varicosities versus off-target, 13% ±
4.1%, n = 37 varicosities, p < 0.01). Thus, 5-HT selec-
tively enhances the activity of a subset of sensory neu-
ron varicosities formed on the primary receptive sur-
face of motor neurons, suggesting that the spatial
specificity of presynaptic function is correlated with
that of ApCdc42 activation.
5-HT-Induced Activation of ApCdc42 at Sensory
Neuron Varicosities Is Mediated by PI3K and PLC
To determine which upstream molecules may mediate
the 5-HT-induced activation of ApCdc42, we examined
the effect of various agonists and antagonists on FRET
signals at individual sensory neuron varicosities at
target sites (Figure 6F). We found that the addition of
Wortmannin (200 nM), an inhibitor for PI3 kinase, and
U73122 (1 M), an inhibitor of PLC, significantly re-
duced the level of ApCdc42 activation at 6 hr after 5-HT
stimulation, much as does ToxB (Wortmannin 1.6% ±
3.0%, n = 9, p < 0.05; U73122, −4.8% ± 4.6%, n = 7,
p < 0.05; ToxB, −3.3% ± 0.87%, n = 7, p < 0.05 versus
5-HT control, 23% ± 2.7%, n = 7). By contrast, a PKA
inhibitor, KT5720 (10 M), did not significantly block
5-HT-induced ApCdc42 activation (KT5720, 17% ±
3.9%, n = 6, p = 0.25 versus 5-HT control), nor did the
application of forskolin affect the FRET signals (data
not shown), suggesting that the PKA pathway is not
directly involved in the activation of ApCdc42 induced
by 5-HT. Similar results were also obtained from a pull-
down assay, in which Wortmannin and U73122 blocked
the activation of ApCdc42.
We further examined the effect of PLC, PI3K, and
PKA inhibitors on LTF and synaptic growth (Figure 6G).
We found that the incubation of Wortmannin and
U73122 as well as KT5720 blocked both LTF (Wortman-
nin, 15% ± 9.6%, n = 22, p < 0.05; U73122, 7.0% ± 12%,
n = 20, p < 0.05; KT5720, 19% ± 18%, n = 8, p < 0.05,
versus 5-HT, 91% ± 22%, n = 22) and the growth of new
sensory neuron varicosities (Wortmannin, 11% ± 5.0%,
n = 10, p < 0.05; U73122, 3.0% ± 4.6%, n = 8, p < 0.001;
KT5720, 11% ± 9.0%, n = 7, p < 0.05, versus 5-HT,Discussion
Role of the Presynaptic Actin Network in Learning-
Related Synapse Formation
Actin is enriched in both the pre- and postsynaptic
compartments of most neurons (Matus, 2000). Al-
though the activity-dependent modulation of actin dy-
namics at postsynaptic spines has been well docu-
mented, the extent and role of actin regulation in
presynaptic terminals is not well understood (Colicos
et al., 2001; Antonova et al., 2000). During development,
reorganization of actin in growth cones has been
shown to play an important role in axonal pathfinding.
However, in mature neurons, it has been suggested that
the presynaptic actin network functions more as an in-
tracellular scaffold rather than as a propulsive force
that contributes directly to the type of frank structural
remodeling reported for postsynaptic dendritic spines
(Sankaranarayanan et al., 2003). In Aplysia, repeated
applications of 5-HT that lead to LTF induce a slower
and more persistent alteration in the dynamics of the
presynaptic actin network, leading to the growth of new
sensory neuron synapses. Our data indicate that Cdc42
is one of the key molecular regulators of this earning-
related modulation of presynaptic actin organization.
Cdc42-Induced Presynaptic Filopodia as Precursors
of New Sensory Neuron Varicosities during LTF
The family of Rho GTPases has been shown to play an
important role in neuronal development, for example,
the establishment of polarity, axon guidance, and the
growth and maintenance of dendritic spines (Yuan et
al., 2003; Sin et al., 2002; Nakayama et al., 2000; Bradke
and Dotti, 1999; Threadgill et al., 1997). We here dem-
onstrate that ApCdc42 is involved in long-term synaptic
plasticity in Aplysia, suggesting that Cdc42 may also
have a role in learning and memory storage in the ma-
ture nervous system. It was surprising that Rac, which
is functionally related to Cdc42 and known to regulate
spine morphology and memory consolidation in mice
(Luo et al., 1996; Hayashi et al., 2004), did not signifi-
cantly contribute to LTF and the associated structural
changes. By contrast, we found that Rho tended to op-
pose the effects of Cdc42 on long-term synaptic plas-
ticity, which is consistent with their respective regula-
tion of actin dynamics (Kozma et al., 1997).
In Aplysia, the activation of ApCdc42 in sensory neu-
rons leads to the outgrowth of filopodia from presynap-
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898naturally induces filopodia, which is dependent on the
activation of ApCdc42 (Figure 5B). Filopodia have been
proposed to be a morphological precursor of dendritic
spines in the mammalian central nervous system, and
this process may be regulated by neuronal activity
(Jontes and Smith, 2000). The 5-HT-induced activation
of Cdc42 in Aplysia triggers not only the formation of
filopodia but also the molecular maturation of neuro-
transmitter release sites. A major synaptic vesicle pro-
tein, synaptophysin, accumulates at the tips of 5-HT-
induced filopodia, some of which then give rise to new
varicosities (Figure 5F). These observations support the
following ideas: (1) filopodia represent one of the mor-
phological precursors for the growth of new presynap-
tic varicosities during learning-related synaptic plas-
ticity, and (2) the formation of filopodia and initial
assembly of the presynaptic compartment can be in-
duced by the activation of Cdc42.
FPossible Signaling Molecules that Link 5-HT
Fto ApCdc42 and to Actin
S
5-HT is a modulatory neurotransmitter released from C
facilitating interneurons that make synaptic contacts 5
onto sensory neurons. Most of the 5-HT receptors are s
known to be G protein coupled, and G proteins such as o
qGα12 and Gα13 have been shown to link to Rho (Kozasa
aet al., 1998). However, the signaling pathways for Rac/
bCdc42 appear to be different from those for Rho (Hall,
a
1998), and the molecular cascade between G protein- t
coupled receptors and Cdc42 is not well understood. n
Our results suggest that 5-HT activates ApCdc42 a
athrough pathways involving PLC and PI3 kinase (Figure
e6F). PLC produces two independent second messen-
gers (diacylglycerol and inositol triphosphate) to initiate
a variety of cellular functions. It has also been shown
sthat some isoforms of PLC are able to directly bind to
vRac/Cdc42 and to enhance its activity (Illenberger et
al., 1998). Since an increase in the internal concentra-
tion of calcium is known to stimulate actin polymeriza- C
Ntion, PLC may send multiple signals to regulate actin-
related structures. Like PLC, PI3 kinase also plays a key S
Trole in regulating cell growth and survival. PI3 kinase is
thought to interact directly with Cdc42 and stimulate its t
iactivity (Jimenez et al., 2000). Although PI3 kinase is
usually activated by receptor tyrosine kinases such as t
tTrk receptors, recent evidence suggests that some PI3
kinase isoforms (such as type 1B) can be upregulated n
aby their interaction with Gβγ. Thus, it is possible that
PI3 kinase may be activated by 5-HT receptors as well 1
cas Trk-like receptors and that PLC and PI3K may send
signals to ApCdc42 via independent pathways. a
AThe synapse-specific nature of the 5-HT-induced ac-
tivation of ApCdc42 suggests the possibility of a coor- l
adinated interaction between the presynaptic sensory
neuron and the postsynaptic motor neuron. This could t
Pbe mediated by a variety of different cell adhesion or
trans-synaptic signaling molecules (Scheiffele, 2003). c
fFor example, ephexin and IQGAP, which bind to the
EphA receptor and cadherin, respectively, are known to t
fmodulate the activity of Cdc42 (Shamah et al., 2001;
Kuroda et al., 1998). The identification of such mole- 5
wcules in Aplysia should provide additional molecular in-ights into the upstream signaling pathways that acti-
ate ApCdc42.
dc42-Mediated Regulation of the Presynaptic Actin
etwork: a Nodal Point for Learning-Related
ynapse Formation
he differential activation of ApCdc42 at a spatially dis-
inct subset of presynaptic sensory neuron varicosities
s consistent with previous studies, which have shown
hat the initial segment and cell body of the postsynap-
ic motor neuron is a preferred site for new sensory
euron varicosity formation induced by 5-HT (Bailey
nd Chen, 1988b; Glanzman et al., 1990; Bailey et al.,
992; Kim et al., 2003). We propose that 5-HT receptors
oupled to G proteins (Gαq and Gβγ) activate the PLC
nd PI3 kinase pathways, which in turn upregulate
pCdc42 at specific presynaptic varicosities. The se-
ective activation of ApCdc42 leads to the formation of
ctin-based filopodia by activating downstream effec-
or proteins such as N-WASP and to a lesser extent
AK. Presynaptic components, including synaptic vesi-
les, appear to be recruited to the tips of specific
ilopodia, possibly through actin-myosin-dependent
ransport, which then become transformed into new
unctional sensory neuron varicosities (Figure 7). Thus,
-HT-induced regulation of the Cdc42 signaling path-
ays and the consequent reorganization of the presyn-igure 7. Toward a Molecular Biology of Learning-Related Synapse
ormation: A Model of 5-HT-Induced Activation of ApCdc42 for
ynaptic Growth and LTF at the Aplysia Sensory to Motor Neuron
onnection
-HT stimulation selectively activates ApCdc42 at a subset of pre-
ynaptic sensory neuron varicosities contacting the initial segment
f the postsynaptic motor neuron L7. Activation of ApCdc42 re-
uires PLC and PI3 kinase, which are most likely regulated by Gαq
nd Gβγ under 5-HT receptors. PI3 kinase may be also activated
y receptor tyrosine kinases such as Trk receptors. 5-HT-induced
ctivation of ApCdc42 is rapid, lasts for about 9 hr, and induces
he formation of filopodia from preexisting varicosities of sensory
eurons through the activation of downstream effectors, N-WASP
nd PAK. Some filopodia can assemble presynaptic components
nd give rise to new varicosities, which contribute to the functional
nhancement of LTF.
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899aptic actin network appear to be a part of the initial
molecular cascade required for the growth of new
sensory neuron synapses associated with long-term
memory.
Experimental Procedures
Aplysia Culture and Electrophysiology
Sensory-motor neuron cultures of Aplysia californica were pre-
pared as previously described (Rayport and Schacher, 1986). LTF
and STF were induced by the bath application of 10 M 5-HT
(Montarolo et al., 1986). ToxB (500 ng/ml; prepared freshly; Calbio-
chem) was added after 5-HT stimulation for LTF or 3 hr prior to the
initial EPSP measurement for STF. CytD (1 M) was added 3 hr
before measurements. KT5720 (10 M), Wortmannin (200 nM), and
U73122 (1 M) were added to cultures during and after 5-HT stimu-
lation. All the data are presented as mean percentage changes ±
SEM in EPSP amplitudes measured at 5 min or 24 hr, as compared
with its initial EPSP amplitude. The significance of the EPSP
changes was determined by an unpaired Student’s t test.
Cloning, Mutagenesis, and Expression
RT-PCR was performed with degenerate primers targeted to the
conserved regions of Rho GTPases. We have identified clones for
Cdc42 and Rac, while cDNAs for other Rho GTPases were not ob-
tained. The full-length cDNAs for ApRac and ApCdc42 were
screened from Aplysia ganglia cDNA library (GenBank accession
numbers AY282417 and AY282418, respectively). The cDNA for
ApRho was cloned by RT-PCR based on submitted sequence (Ma-
daule and Axel, 1985). Multiple alignments were carried out with
the web-based software Multi-Align. A site-directed mutagenesis
was performed to create the dominant-negative and constitutively
active mutants of Rho GTPases (see Nobes and Hall, 1995). The
CRIB domain and the dominant-negative mutant of human PAK1
(residues 61–150 and 1–264, respectively) or rat N-WASP (residues
188–257 and 1–385, respectively), and a RBD domain of human
Rhotekin (residues 1–100), were subcloned in frame into pGEX6P
(Amersham-Pharmacia) or pNEX3YFP vectors. Interactions of CRIB
or RBD domains with their target Rho GTPases were confirmed by
the in vitro binding assay or by the yeast two-hybrid assay. In situ
hybridization was carried out with DIG-labeled probes.
Construction of Fluorescent Fusion Proteins and Expression
of cDNAs in Aplysia Sensory Neurons
Rho GTPases, synaptophysin, actin, and CRIB and RBD were
fused to GFP, CFP, or YFP and cloned into pNEX3 (Kaang, 1996).
synPH was also cloned in pNEX3. Purified DNAs were microin-
jected as described by Kaang (1996). To prevent a possible devel-
opmental defect, injection was performed after neurons had rees-
tablished stable synaptic connections. Expression of GFP, YFP, or
CFP alone did not alter the electrophysiological or morphological
properties, or cell survival. Some sensory neurons were fluores-
cently labeled with 10 mM Alexa Fluor-594 or 6% 5-carboxy fluo-
rescein (Molecular Probes) by iontophoresis.
Cdc42 Pull-Down Assay and PAK
Immunoprecipitation-Kinase Assay
The pull-down assay of ApCdc42 and the immunoprecipitation-
kinase assay of PAK were performed as previously described
(Sander et al., 1998; King et al., 2000). Aplysia Cdc42 and PAK1
were detected by Western blot analysis with an anti-Cdc42 anti-
body (rabbit polyclonal; Santa Cruz) and anti-PAK1 antibodies (rab-
bit polyclonal; Zymed or Upstate Biotechnology).
Image Analysis of Structural Changes
For sensory neuron varicosities, we counted all labeled axonal
swellings with a long diameter of >3 m in contact with the initial
segment and cell body of the postsynaptic motor neuron (tar-
get sites), as described (Bailey et al., 1992). For filopodia, thin pro-
truding structures of 5–30 m in length and of <1 m in width
were counted. All the data are presented as mean percentagechanges ± SEM. The average number of sensory neuron vari-
cosities before 5-HT stimulation for control, ApCdc42T17N,
ApRacT17N, ApRhoT19N, ApCdc42G12V, N-WASP-CRIB, PAK-CRIB,
Rtkn-RBD, N-WASPVCA, and PAK1KD was 17 ± 3.4, 13.7 ± 2.8,
17.3 ± 0.7, 18.1 ± 0.8, 10.6 ± 3.7, 14.1 ± 3.1, 15.0 ± 4.2, 15.2 ± 3.1,
13.6 ± 2.5, and 18.2 ± 2.1, respectively.
FRET Analysis of Cdc42 Activity
Images of CFP, YFP, and FRET channels were obtained with a Zeiss
LSM510 system using 40× or 63× water immersion lenses. Argon
laser lines of 458 and 514 nm were used to excite CFP and YFP,
respectively. Emission filters used were BP480-520 for CFP chan-
nel and LP530 for YFP and FRET channels. Imaging conditions
were optimized to prevent saturation, to minimize signal contami-
nation, and to prevent photobleach, and the same settings were
used throughout the experiment. Control cells expressing CFP or
YFP constructs alone were also imaged at the same settings.
FRETc (Gordon et al., 1998) was calculated by ImageBrowser
(Zeiss). The average intensity of FRETc signals at individual vari-
cosities was calculated using Metamorph (Universal Imaging). The
percent change of FRETc was plotted where the initial value was
adjusted to 100. The competence of 5-HT stimulation (w1 hr 40
min) was set to be time 0. The relative intensity of FRETc signals
was pseudocolored in Figure 6A. Raichu-Cdc42 (a gift from Dr.
Michiyuki Matsuda; Itoh et al., 2002) was also examined in HEK293
cells and Aplysia sensory neurons, which produced similar results.
Analysis of Presynaptic Activity by synPH
The activity of sensory neuron varicosities was examined by super-
ecliptic synPH as previously described by Kim et al. (2003).
Supplemental Data
The Supplemental Data include three supplemental figures and can
be found with this article online at http://www.neuron.org/cgi/
content/full/45/6/887/DC1/.
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